Abstract One layer thick iron oxide films are attractive from both applied and fundamental science perspectives. The structural and chemical properties of these systems can be tuned by changing the substrate, making them promising materials for heterogeneous catalysis. In the present work, we investigate the structure of FeO(111) monolayer films grown on Ag(100) and Ag(111) substrates by means of microscopy and diffraction techniques and compare it with the structure of FeO(111) grown on other substrates reported in literature. We also study the NO adsorption properties of FeO(111)/Ag(100) and FeO(111)/Ag(111) systems utilizing different spectroscopic techniques. We discuss similarities and differences in the data obtained from adsorption experiments and compare it with previous results for FeO(111)/Pt(111).
Introduction
Ultra-thin metal oxides grown on various substrates have recently attracted increased scientific and technological interest. Due to the oxide-substrate interaction, the structural parameters of such materials are tunable and the systems offer a possibility to study and tailor surface chemical and physical properties. These kinds of novel functional materials have a wide range of applications including heterogeneous catalysis as a prominent example [1] [2] [3] [4] [5] .
The surface of a metal oxide thin film differs fundamentally from the surface of a pure metal catalyst owing to the presence of both acidic and basic surface sites. The intrinsic availability of oxygen atoms in the material also plays a significant role in e.g., oxidation reactions [6] [7] [8] . Ultra-thin iron oxides, in particular, have been shown to be catalytically active in e.g., reactions of selective oxidation and dehydrogenation [9] .
Depending on the substrate, preparation conditions, and thickness, iron oxides can grow with different stoichiometry (most common are magnetite (Fe 3 O 4 ), hematite (a-Fe 2 O 3 ) and wüstite FeO), and with different crystallographic orientations of the surface. In the case of non-stoichiometric compounds, iron ions have different coordination and thus different oxidation state while Fe ions in stoichiometric FeO have a single oxidation state. This difference affects the adsorption and reaction properties of the surface.
The FeO stoichiometry is commonly observed for one layer thick films grown on various substrates with both hexagonal [10] [11] [12] [13] [14] and square [15] [16] [17] [18] [19] symmetry. Intriguingly, in most cases such films grow with an in-plane structure similar to (111) termination of bulk wüstite, where the surface is unstable due to the polar nature of the (111) termination of this rock-salt-like compound [20] . Even when thicker films with other stoichiometry were studied, the FeO(111) monolayer was reported to precede the formation of a final structure [10, 11, [21] [22] [23] [24] [25] .
The growth of ultra-thin iron oxide films on Pt(111) was first investigated in the late 80s [26] and since then Pt has been by far the most used and studied substrate. Recently, several groups have shown that a one layer thick FeO(111) layer on Pt(111) exhibits a higher catalytic activity toward low-temperature CO oxidation than platinum itself. For example, Sun and co-workers [27, 28] utilized several experimental techniques including scanning tunneling microscopy (STM), low-energy electron diffraction (LEED), Auger electron spectroscopy (AES) and temperature programmed desorption (TPD) and proposed a reaction mechanism involving the formation of a well-ordered, oxygen rich FeO x (1 \ x \ 2) film [29] that reacts with CO via a Mars-van Krevelen mechanism. However, in works [30] [31] [32] the authors studied the same system using STM and density functional theory (DFT) and concluded that the role of coordinatively unsaturated ferrous (CUF) sites on the edges of FeO islands is important for CO oxidation reaction. The atomic-scale mechanisms of catalytic reactions involving iron oxides are thereby still not entirely clear. To be able to tune the chemical properties of such systems, a full understanding of their structure and interactions with adsorbing molecules is desirable.
In this contribution, we report results of STM, LEED and surface X-ray diffraction (SXRD) structural studies of FeO(111) monolayers grown on Ag(100) and Ag(111) and compare them with data reported in the literature for other substrates. We also show the results of TPD and reflection absorption infrared spectroscopy (RAIRS) experiments aimed to study NO adsorption on the FeO(111) layer to further characterize the surface sites. We show that the NO adsorption properties on FeO(111)/Ag(100) and FeO(111)/Ag(111) are similar despite the difference in the coincidence pattern due to the underlying substrate. Therefore, we conclude that the NO adsorption is determined by the in-plane distance governing the internal rumpling of the O and Fe atoms in the FeO(111) layer. We compare the present observations with results reported for NO adsorption on FeO(111)/Pt(111), in which the FeO(111) in-plane distance is significantly smaller resulting in a higher degree of rumpling and negligible NO adsorption at liquid nitrogen temperatures.
Experimental

Sample Preparation
Before all measurements, the samples were cleaned by cycles of Ar ? sputtering (1.5 keV energy and 2 9 10 -5 mbar gas pressure) and annealing at 500°C. This procedure was repeated until the LEED pattern (all setups in the present work were equipped with a LEED instrument) indicated a clean Ag surface with the corresponding orientation. Additionally, in the STM experiments we used an Auger spectrometer integrated into the setup, which did not detect any contaminants.
One layer thick films were grown by deposition of iron in the presence of oxygen (reactive physical vapor deposition (RPVD)) using an electron beam evaporator at 100°C substrate temperature and 2 9 10 -7 mbar background O 2 pressure with subsequent annealing to 400°C in vacuum according to the procedure developed earlier [33] . The evaporators were calibrated with a reference to a Pt(111) crystal, where the density of one monolayer is known (one closed monolayer of FeO(111) on Pt(111) has the density of 1.2 9 10 15 cm -2 of Fe atoms). The quality of the films was checked by LEED and where possible by AES.
To describe the crystal structure, basis vectors corresponding to the unit cell of respective substrates were used. In the case of the Ag(100) single crystal, the set of mutually perpendicular vectors a pointing upwards along the surface normal (a tetragonal basis) was applied. In terms of the bulk lattice constant a 0 (a 0 (Ag) = 4.09 Å ) the lengths of these vectors can be expressed as a . These values are used as RLU for the Ag(111) substrate and the films grown on it.
STM
The microscopy measurements were performed at the Division of Synchrotron Radiation Research at Lund mbar. Image treatment included flattening, drift correction and brightness/contrast enhancement. The bias voltages provided in the work are identified with the sample.
SXRD
Diffraction experiments were performed at the I07 beamline at Diamond Light Source in England for an Ag(100) single crystal. In the present experiments, 18 keV photons were directed at the sample surface under an incident angle of 0.2°(the critical angle of total external reflection for silver at that energy is 0.194°) to achieve high surface sensitivity. The patterns were collected with a Pilatus 100 K area detector. The process of data extraction and treatment has recently been discussed in detail in [34] . All necessary corrections were applied to the obtained values of structure factor (F str ) in accordance with the experimental geometry [35, 36] . The fitting of experimental data was performed using the specialized software ROD by Elias Vlieg and WINROD by Daniel Kaminski [37] . The details of fitting process can be found in the supplementary information.
Theoretical Calculations
Total energy calculations and local geometry optimization were performed with VASP 5.2 [38] [39] [40] [41] , using the projected augmented wavefunction (PAW) method and planewaves truncated at 400 eV to expand the Kohn-Sham orbitals. The gradient corrected exchange correlation functional according to Perdew, Burke, and Ernzerhof (PBE) was used [42] . Iron oxide layers were treated within the LDA?U formalism, with U and J parameters of 4 and 1 eV respectively, located on all iron atoms. These values were previously found to provide a satisfactory description of bulk characteristics of FeO [43] . All calculations were performed spin unrestricted. Reciprocal space integration over the Brillouin zone was approximated with finite sampling using Monkhorst-Pack grids [44, 45] . The Methfessel Paxton scheme with a thermal width of 0.1 eV was used to smear the Fermi discontinuity. Local geometry optimization was performed with the BFGS algorithm as implemented in VASP. The structures were considered to be converged when the forces were below 0.01 eV/Å . Ag(100) was modeled with a four layer 2 9 11 cell, which represents the full experimental unit cell of FeO(111)/ Ag(100). The metal support was fixed during the geometry optimization.
Simulations of the STM images were performed within the Tersoff -Hamann approximation [46] and simulated with a negative bias of 1.0 eV.
TPD and RAIRS
The results reported in the current work were obtained in an ultra-high vacuum (UHV) chamber with a typical base pressure of about 2 9 10 -10 mbar [47, 48] . The instrumentation available in the chamber includes a ''Hiden'' quadrupole mass spectrometer (QMS) for TPD measurements and a ''Bruker Tensor 27 00 Fourier transform infrared spectrometer (FTIR) for RAIRS measurements (with the resolution set to 4 cm -1 ). The crystals used in the present study were mounted on W wires and attached to a copper sample holder cooled with liquid nitrogen. The temperature was measured by a K-type thermocouple clamped to the edge of the samples and controlled using a proportional-integral-derivative (PID) controller.
To perform TPD experiments, we exposed the sample surface to NO at various partial pressures and a substrate temperature of 87-90 K. After exposures we positioned the sample surface in front of the nozzle of the QMS at a distance of about 5 mm and heated at a constant rate of 1 K/s. The spectrometer was set to detect traces of N 2 (m/ z = 28), NO (m/z = 30), N 2 O (m/z = 44) and NO 2 (m/ z = 46). During TPD, we detected insignificant amounts of N 2 , N 2 O and NO 2 mainly in the low temperature region of about 100 K, which was attributed to the process of decomposition of adsorbed NO dimers -analogous to behavior observed previously on Ag surfaces [49] [50] [51] . At higher temperatures, a reversible adsorption/desorption of NO molecules was observed.
We considered the saturation coverage of NO to be reached when an NO molecule was adsorbed on each Fe cation of the FeO(111) monolayer. This consideration was found to be reasonable for NO adsorbed on an FeO(111) monolayer grown on Ag(100) [52] . The estimated accuracy of the NO coverages in the experiments reported here lies within about 15 %. Test experiments were performed for clean surfaces showing no NO adsorption.
Results
One layer thick FeO films were grown on Ag(100) and Ag(111) single crystals. Different submonolayer surface coverages (not shown here) could be produced, depending on the deposition time. On both substrates films start to grow as flat islands wetting the surface and merging together upon increase of the deposition time. In the current work the surface coverage of *0.4 monolayer on both substrates is discussed. According to STM data, the distribution of the size of islands on both surfaces in this case is rather broad with the average of about 50 9 30 nm on Ag(100) where the islands have an irregular oval shape elongated along {011} directions of the substrate and about 30 nm in diameter on Ag(111) where the islands tend to have a regular hexagonal shape.
In-Plane Geometry
Figure 1a, b shows atomically resolved STM images and LEED patterns of FeO(111)/Ag(100) and FeO(111)/ Ag(111) respectively. The LEED patterns in both cases exhibit reflections belonging to the substrate unit cell (black dashed lines), the FeO(111) unit cell and the coincidence structure (green and white diamonds in both the STM and LEED images).
The FeO on Ag(100) structure exhibits a quasi-hexagonal atomic arrangement with a lattice parameter of about 3 Å corresponding to the (111) crystallographic orientation. A longer-range periodicity is observed along the [011] and [0-11] crystallographic directions of the substrate forming (2 9 x) type of superstructure. Merte et al. [33] have shown that a FeO(111) layer grows on a Ag(100) surface with a varying coincidence periodicity, which on average can be represented as two types of coincidence structure, namely p(2 9 11) and c(2 9 12) structures (see Fig. 2a ) resulting in a mean Fe-Fe spacing of 3.25-3.26 Å . The corresponding surface concentration of Fe cations is equal to *91 % of the surface atom density of the Ag(100) substrate. Because the LEED instrument was not optimized for fine quantitative analysis, the small difference (*0.8 % of uniaxial compression) between the two types of (2 9 x) superstructure is not distinguishable.
On the hexagonal Ag(111) substrate, FeO films in the one layer limit also adopt (111) crystallographic orientation. The corresponding LEED pattern exhibits well-defined moiré rosettes with little intensity scattered to the higher-order diffraction peaks, indicating that the buckling of the FeO layer is not significant. The ball model of such an overlayer is shown in Fig. 2b with a p(9 9 9) The diffraction signal from the coincidence structure, which is clearly visible in LEED (Fig. 1a) due to multiple scattering of electrons, is extremely weak and was not accessible in our SXRD experiments. The FeO(111) unit cell signal at the same time was recorded and is visible in Fig. 3b as a small peak at the H = 1.827 RLU position. A pronounced peak at H = 2 RLU corresponds to the (2; 0) CTR. Knowing the peak positions, it is possible to derive the size of the FeO unit cell to be 3.17 Å , which is in good agreement with the mean size of the unit cell along the [0-11] crystallographic direction of the substrate as determined in [33] .
Out-of-Plane Geometry
We have also recorded a number of SXRD scans in out-ofplane directions following three crystal truncation rods (CTRs) originating from the substrate and four superstructure rods (SRs) containing the information about the surface structure (see Fig. 4 ). Their in-plane positions are marked in Fig. 3a with black hexagons. In the same image it can be seen that two CTRs -(0; -1) and (2; 0)-contain the superimposed signal coming from both bulk and surface regions while the third (1; -1) CTR is not supposed to be significantly affected by the X-ray scattering on the atoms of the FeO layer. On the other hand, the superstructure rods (two are shown in Fig. 4c, d ) carry mainly the structural information about the oxide layer. The shape of the SRs is characteristic of a smooth surface without significant corrugation or roughness.
These data allow us to perform a structural determination of the surface layer. Based on the results of DFT calculations, we were able to fit the experimental data and obtain atomic coordinates (the complete list of experimental and theoretical atomic coordinates is available in the supplementary information, see Table S1 ). The systematic error of the experimental data was estimated to be equal to *15 % based on the difference in the structure factor of the symmetric diffraction rods. The best experimental fit was achieved in assumption of 0.56 ML FeO coverage and had the goodness, v 2 , normalized to 184 data points equal to 1.863.
The unit cell used in the theoretical calculations is a p(2 9 11). Because of its significant size, the structural relaxation was allowed only for the FeO layer while the top layers of the Ag(100) substrate were left intact. For the same reason only the interlayer distance between the bulk and the top Ag layer was varied during the fitting of experimental data. The subsequent layers of the substrate were taken into account with the unperturbed bulk structure.
Good agreement between experimental and theoretical results was achieved. The main difference is that the experimental data show a smaller distance between the FeO layer and the substrate by *0.25 Å and slightly bigger corrugation (by *0.04 Å on average) of the oxide compared to the DFT calculations (see Table S1 in the supplementary material). Additionally, the experimentally observed distance between the first and the second atomic layers of the substrate (d Ag top layer-bulk ) is larger by 0.04 Å than the interlayer distance in the bulk.
A theoretically modeled STM image of FeO(111)/ Ag(100) along with the ball model of this structure are shown in Fig. 5 . The STM image exhibits a mild wavy modulation of brightness in good agreement with the experimental data in Fig. 1a . Similar wavy patterns for STM images of quasi-hexagonal metal oxide monolayers grown on square substrates were reported previously in literature. For example, in [17] and [19] the authors attribute such type of pattern to relatively regular FeO(111) bilayers on Pt(100) and Pd(100) respectively with modulation of atomic positions in the direction perpendicular to the substrate surface due to the long range coincidence periodicity. Interestingly, in [54] based on the results of a thorough quantitative LEED investigation of CoO(111)/ Ir(100) structure, the authors report on a drastically distorted CoO bilayer producing a similar type of STM data. In the reported model of one layer thick cobalt oxide four cobalt atoms in the unit cell are shifted towards the substrate by *0.5 Å while four neighboring oxygen atoms are pulled upwards by almost 1 Å relative to the average level of other atoms in the cell. During the fitting of our experimental data we considered similar atomic models for FeO(111)/Ag(100), however, they did not fit the data as well as the currently proposed model. Also, the interaction between silver and iron oxide is weaker than between iridium and cobalt oxide, which allowed us to assume a smaller distortion of the FeO layer. In addition, as discussed further below, TPD and RAIRS data show the full saturation of FeO(111)/Ag(100) with NO molecules occupying similar surface sites resulting in a (1 9 1) adsorbate structure, while in the case of a distorted layer a significant part of Fe atoms would likely be inaccessible for NO adsorption due to their blockage by oxygen atoms. Figure 6a shows NO TPD spectra obtained as a function of the NO exposure to a FeO(111) layer on Ag(100) at 90 K. The curves exhibit a single distinct feature shifting from 295 to 282 K as the NO coverage increases, with saturation reached at about 2.5 Langmuir (L). The integrated TPD intensity at saturation corresponds to complete coverage of the surface with an NO molecule adsorbed on each Fe ion [52] . The results from a similar set of measurements for the FeO(111)/Ag(111) system after NO exposure at 87 K are shown in Fig. 6b . At low coverages, two peaks at *297 and *368 K are observed, and the peak intensities increase and shift toward lower temperature with increasing NO coverage. At saturation, the peak positions are 269 and 360 K with an additional shoulder of the major peak on the higher temperature side (*300 K) and a small broad feature at about 100 K that is attributed to NO dimers. The peak at 269 K is attributed to NO molecules adsorbed on Fe ions of the FeO layer, while the higher temperature features are assigned to different adsorption sites. Namely, it is likely that minority FeO x domains were present on the surface, because we observe similar TPD features at 300 K and higher during measurements of NO adsorption on FeO x films grown on Ag(111) described in [55] . Figure 7a shows RAIR spectra recorded for the FeO(111)/ Ag(100) system at 90 K substrate temperature and different NO exposures. A single N-O stretch band is observed and blueshifts from 1798 to 1843 cm -1 with increasing NO coverage (the value of the N-O stretch frequency in the gas phase is 1860 cm -1 ). A similar range of vibrational frequencies has been reported in the literature for linear iron nitrosyl compounds (Fe-N-O) [56] [57] [58] . These observations allowed us to attribute the peak in the RAIR spectra to the N-O stretch vibrations when the molecules are adsorbed vertically on Fe ions of the surface while the shift of the peak can be attributed to an increasing influence of lateral intermolecular interactions as the NO coverage increases. At saturation, NO molecules form a complete (1 9 1) monolayer with all iron ions on the surface occupied [52] .
TPD
RAIRS
The RAIR spectra measured for NO on the FeO(111)/ Ag(111) system at 87 K are shown in Fig. 5b . A single peak shifts from 1802 to 1842 cm -1 with increasing NO coverage, with saturation occurring at an NO dose of about 2.5 L. Similar to the RAIRS results recorded for FeO(111)/ Ag(100), the N-O stretch band observed in this region was assigned to NO molecules that are adsorbed vertically on Fe ions of the surface.
Discussion
As mentioned above, the structural parameters of a one layer thick FeO film largely depend on the oxide-substrate interaction. In Table 1 , the data reported in literature for stoichiometric FeO(111) monolayers grown on several different substrates are presented. The last two rows show results of our STM, LEED and SXRD investigations performed for FeO(111) on Ag(100) and Ag(111).
We used NO as a probe molecule to characterize the reactivity of FeO(111)/Ag(100) and FeO(111)/Ag(111). Summarizing the results, RAIRS and TPD data clearly show that NO readily adsorbs on both surfaces. Moreover, both TPD and RAIRS measurements reveal a single dominant feature corresponding to a preferred adsorption state that we have shown arises from NO molecules adsorbed on top of Fe ions of the surface with the molecular axis pointing upwards (see Fig. 8a, b) . The saturation coverage for both surfaces is reached when every exposed Fe ion is occupied by a NO molecule, resulting in a density of the NO layers equivalent to 91 and 79 % of the surface atom densities of the Ag(100) and Ag(111) substrates, respectively.
Given the similarities in NO adsorption on the FeO(111)/Ag(100) and FeO(111)/Ag(111) structure, we conclude that the differences in the moiré pattern do not significantly influence the adsorption properties. Instead, the in-plane distance of the FeO(111) lattice, which is similar for the two Ag surfaces, determines the adsorption properties. A large in-plane distance allows the oxygen atoms to relax toward the substrate between the Fe atoms and as a result expose the Fe atoms as attractive adsorption sites for NO.
Experiments performed for FeO(111)/Pt(111) exposed to CO?NO [61] have shown that NO adsorption is negligible at temperatures near 100 K. This is in a sharp contrast with the results obtained for FeO(111) films grown on Ag a b Fig. 8c ). The distance between iron atoms on the surface of FeO(111)/Ag(100) is larger than for FeO(111)/Pt(111) resulting in a shift of oxygen atoms toward the substrate, which allows NO molecules to reach the exposed Fe and adsorb. The similarity of TPD and RAIRS data for FeO(111)/ Ag(100) and FeO(111)/Ag(111) along with the fact that the values of surface lattice parameters for these systems are close suggests that the same adsorption scenario holds for both silver substrates. In both cases, the substrate accommodates relatively smooth FeO(111) monolayers, which expose Fe ions to NO molecules. From Table 1 , it is evident that FeO(111) films grow with smaller lateral interatomic distances on most other substrates that have been investigated. A possible exception is Au(111) where the surface unit cell might be even more expanded than for Ag(100) and Ag(111). The unit cell size reported for FeO(111)/Au(111) [13] has a large uncertainty and it is thus not entirely clear whether the FeO unit cell is larger on gold or silver. In a later publication [59] , the same group reported results of water adsorption and dissociation experiments involving the same system and mentioned that the FeO(111) unit cell parameter is *3 Å and that the film is O terminated. In [60] , the authors reported, however, that the unit cell size of a one monolayer thick FeO film grown on Au(111) is 3.4 ± 0.1 Å . The exact model of FeO(111)/ Au(111) is, thus, still not established.
It is worth mentioning that, although the TPD and RAIR spectra of FeO(111)/Ag(100) and FeO(111)/Ag(111) are very similar, they also have some differences. The main TPD peak is at slightly lower temperature for the FeO(111) layer on Ag(111) as compared to Ag(100), suggesting a slightly weaker binding of NO on the FeO/Ag(111) structure. Since the lattice parameters of the FeO(111) monolayers on both substrates are close, the difference in NO binding energy might arise from slight differences in the electronic properties of the surfaces, caused e.g. by different film-substrate distance, and requires further investigation. The RAIRS peak at saturation is also broader for the case of FeO(111)/Ag(111), which can be connected with NO adsorption on minority FeO x phases present within the iron oxide film where similar but not identical adsorption sites might be available. The NO stretching frequency is effectively the same for both systems, which is intriguing but not unexpected since Mehar et al. [55] have shown for different FeO x films grown on Ag(111) that the N-O stretch band is relatively insensitive to a change in the surface binding site, i.e. there is no clear correlation between the NO binding and N-O stretching frequency.
Conclusions
Using STM and LEED we have shown that one monolayer of FeO grows on both Ag(100) and Ag(111) substrates with [111] crystallographic direction normal to the surface. Additionally, the surface unit cell parameter of 3.25 Å and the coincidence structure periodicity of *26 Å were found for FeO(111)/Ag(111). For the FeO(111)/Ag(100) system, the atomic coordinates of the FeO layer determined from SXRD experimental data are found to be in good agreement with theoretical calculations.
The adsorption properties of one layer thick FeO(111) films grown on Ag(100) and Ag(111) single crystals were probed using NO TPD and RAIRS and compared with data available in literature for the FeO(111)/Pt(111) system. The spectra are similar for both silver substrates and indicate that NO molecules adsorb on top of surface Fe ions with the molecular axis nominally parallel to the surface normal. The NO coverage reaches saturation when each exposed Fe ion accommodates a NO molecule. This behavior is in a sharp contrast with the negligible amount of NO adsorption reported for the FeO/Pt(111) system at 100 K. This difference has been attributed to a steric effect originating from the amount of rumpling of the FeO (111) oxygen atoms to protrude from the surface and block access of adsorbing molecules to Fe sites in the FeO(111)/ Pt(111) system. In contrast, the FeO(111) films on Ag(111) and Ag(100) are more flat and the Fe sites are thereby able to readily bind NO molecules supplied from the gas-phase. These findings demonstrate that the adsorption properties of monolayer FeO films seem to depend more strongly on the film structure compared with other characteristics of the film-substrate interaction.
